Two Shigella species, flexneri and sonnei, cause approximately 90% of bacterial dysentery 16 worldwide. While S. flexneri is the dominant species in low-income countries, S. sonnei causes 17 the majority of infections in middle and high-income countries. S. flexneri is a prototypic 18 cytosolic bacterium; once intracellular it rapidly escapes the phagocytic vacuole and causes 19 pyroptosis of macrophages, which is important for pathogenesis and bacterial spread. By 20 contrast little is known about the invasion, vacuole escape and induction of pyroptosis during 21 S. sonnei infection of macrophages. We demonstrate that S. sonnei causes substantially less 22 pyroptosis in human primary monocyte-derived macrophages and THP1 cells. This is due to 23 reduced bacterial uptake and lower relative vacuole escape, which results in fewer cytosolic 24 S. sonnei and hence reduced activation of caspase-1 inflammasomes. Mechanistically, the O-25 antigen, which in S. sonnei is contained in both the lipopolysaccharide and the capsule, was 26 responsible for reduced uptake and the T3SS was required for vacuole escape. Our findings 27 suggest that S. sonnei has adapted to an extracellular lifestyle by incorporating additional O-28 antigen into its surface structures compared to other Shigella species. 29 30 in this age group (1). Closely related to Escherichia coli, the genus is made up of four species; 34 S. flexneri, S. sonnei, S. dysenteriae and S.boydii. These are divided into serotypes based on 35 the O-antigen (O-Ag) structure. S. flexneri and S. sonnei are responsible for the majority of 36 infections however, dominance is highly dependent on the socioeconomic status of an area. 37 S. flexneri is associated with poor water sanitation and hygiene in developing countries. In 38 sub-Saharan Africa and Asia, S. flexneri accounts for 66% of cases and S. sonnei 24% of 39 cases (2). However, in areas with good socioeconomic conditions and a high gross domestic 40 product per capita, such as North America and Europe, S. sonnei is responsible for up to 80% 41 of infections (3). Transitional countries that have recently undergone socioeconomic 42 improvements show a shift from S. flexneri to S. sonnei as the dominant species (4-6). As a 43 number of large populous countries undergo this shift (eg. Brazil, India, China), S. sonnei is 44 emerging as an important pathogen. 45
Introduction 31
Shigella are the causative agents of Shigellosis, infecting an estimated 125 million people 32 annually. Children under five are most at risk with 61% of cases and 69% of deaths occurring 33 less cell death than S. flexneri (figure 1c). To ensure reduced cell death was not a unique 103 feature of the widely used S. sonnei strain 53G, we included a recent clinical isolate, S. sonnei 104 381, alongside S. sonnei 53G and compared these to two different S. flexneri strains M90T 105 (serotype 5a) and 2457T (serotype 2a). Notably, both S. sonnei strains induced lower PI 106 uptake in macrophages ( figure 1b) . 107
There are fewer cytosolic S. sonnei than S. flexneri 108
Induction of macrophage cell death by S. flexneri requires the bacteria to be cytosolic, which 109 entails two steps: internalisation and vacuole escape. We hypothesised that differences in 110 these processes between S. flexneri and S. sonnei might be responsible for the differences in 111 cell death observed. To investigate why S. sonnei induced less cell death, we treated hMDMs 112 or PMA-treated THP1 cells with 50 μM Z-VAD-fmk, a pan-caspase inhibitor, to inhibit cell death 113 (figure S1a) and performed a gentamicin protection assay to calculate the number of 114 intracellular bacteria (figure 1d and e). S. sonnei infected macrophages had reduced numbers 115 of intracellular bacteria compared to S. flexneri. 116
As the earliest timepoint that can be measured in the gentamicin protection assay is 1 hour 117 40 min post infection, it is possible bacteria were already killed by this timepoint which would 118 misrepresent the relative efficiency of internalisation (because internalised and killed bacteria 119 would not be detected). To address this we enumerated intracellular bacteria by differential 120 staining at 40 min post infection, which confirmed that fewer THP1 cells harboured intracellular 121 bacteria when infected with S. sonnei than when infected with S. flexneri (figure 1f). 122
Internalised S. flexneri rapidly lyse the phagocytic/endosomal vacuole in order to access the 123 cell cytosol and escape lysosomal degradation (26). To investigate how well S. sonnei 124 escaped into the cytosol we used chloroquine (CHQ), an antibiotic that only accumulates in 125 5 The T3SS is required for vacuole escape but not internalisation of S. sonnei 137
The T3SS of S. flexneri is required for bacteria to lyse the phagocytic vacuole and access the 138 cytosol (28). Consistent with this, a S. sonnei T3SS mutant (DmxiD) had an impaired ability to 139 escape the vacuole (figure 2a) and reduced cell death measured by PI uptake (figure 2b) and 140 LDH release (figure S1d). The S. sonnei T3SS was required to induce vacuole lysis and hence 141 produce cytosolic bacteria. 142
It is unclear whether Shigella internalisation into macrophages is predominantly T3SS-143 dependent invasion or phagocytic uptake. T3SS-mediated invasion of epithelial cells by S. 144 flexneri triggers extensive membrane recruitment to engulf the bacteria. To visualise S. flexneri 145 and S. sonnei uptake we performed scanning electron microscopy (SEM) on infected cells 146 and were able to see membrane recruitment around attached S. flexneri but not S. sonnei 147 (figure 2c and d). As phagocytic uptake and T3SS-mediated invasion both involve membrane 148 rearrangement these would be difficult to distinguish visually. Instead we performed 149 gentamicin protection assays with wild type and T3SS mutants to quantify the number of 150 intracellular bacteria in macrophages. Our experiments showed that in both hMDM and THP1 151 cells, internalisation into macrophages was T3SS-dependent for S. flexneri but not S. sonnei 152
(figure 2e and f). This suggested that the majority of S. flexneri actively invaded macrophages, 153 in contrast to S. sonnei, which were mainly internalised by phagocytic uptake. indicating the canonical pathway of pyroptosis predominates in S. sonnei and S. flexneri 170 6 infected macrophages. Treatment with the NLRP3 inhibitor, MCC950 (29), did not markedly 171 affect cell death (figure 3g and validated in S2f), suggesting that NLRP3 plays a minor role in 172 pyroptosis. ASC-deficient THP1 cells showed a partial reduction in cell death levels compared 173 to WT THP1 cells (figure 3h). Taken together, these results are consistent with NLRC4 174 activation contributing to pyroptosis during S. sonnei infection of human macrophages, which 175 is similar to previous reports for S. flexneri. 176
The T6SS and LVP instability do not account for reduced cell death caused by S. sonnei 177
All Shigella spp. harbour a large virulence plasmid (LVP) that encodes the T3SS, its effectors 178 and additional important virulence factors. The LVP of S. sonnei is less stable than S. flexneri 179 due to the evolution of different toxin:anti-toxin systems (30). We inserted an antibiotic 180 resistance cassette onto the LVP to create a stabilised LVP and used this strain to test if LVP 181 loss was affecting the amount of cell death that was induced. The LVP stabilised S. sonnei 182 induced similar cell lysis as WT S. sonnei indicating that differences in plasmid retention was 183 not responsible for the altered interaction with macrophages (figure 4a). 184
Even though the T6SS of S. sonnei has only been described to have anti-bacterial activity (9), 185
T6SSs from other bacteria (e.g. Francisella tularensis (31, 32)) have activity within 186 macrophages. We therefore created a S. sonnei T6SS mutant (DtssB) to determine if there 187 was any contribution by the T6SS to cell death but found no difference in LDH release (figure 188 4a), indicating that the T6SS was not responsible for the altered interaction with macrophages. 189
Altogether, these results ruled out loss of LVP or a contribution by the T6SS in the reduced 190 cell death observed for S. sonnei. 191
The S. sonnei O-Antigen prevents internalisation into macrophages 192
In S. sonnei the O-Ag is incorporated into the G4C as well as being attached to the lipid A-193 core of LPS (figure 4b). The incorporation of the O-Ag into LPS and G4C is genetically 194 separable, which we exploited to investigate their respective roles in the interaction with 195 macrophages. The G4C of S. sonnei reduces bacterial invasion of epithelial cells by impairing 196 T3SS activity (10), and could therefore play a similar role in macrophage internalisation. We 197 confirmed that S. sonnei ΔG4C invaded HeLa cells more efficiently (figure S3b). Uptake and 198 pyroptosis induced by S. sonnei ΔG4C was statistically similar to wildtype bacteria, although 199 we did observer slightly higher cell death with the Δg4c mutant (figure 4c-d). This was 200 consistent with predominantly phagocytic uptake of S. sonnei by macrophages. 201
We then deleted the O-Ag synthesis operon (genes wbgT to wbgZ) (33) to create a strain 202 devoid of all O-Ag (both LPS and G4C linked) (figure 4b). This strain (ΔO-Ag) demonstrated 203 increased internalisation and cell death as compared to S. sonnei Δg4c (figure 4cand d) and 7 wild type S. sonnei. By contrast, an LPS O-Ag deficient strain (DwaaL), which retains the G4C, 205 showed equivalent internalisation as wild type S. sonnei (figure S3a). Therefore, the presence 206 of the S. sonnei O-Ag per se, rather than specifically the O-Ag in the capsule or LPS, impedes 207 macrophage internalisation and its complete removal enhances bacterial internalisation. 208
We have shown that S. sonnei cell death is T3SS-dependent due to the requirement for 209 cytosolic bacteria. The T3SS tip accessibility has previously been shown to be enhanced upon 210 removal of the G4C, and further exposed by removal of the O-Ag (10). We therefore 211 hypothesised that the O-Ag was impeding T3SS mediated invasion. To test this we created a 212 S. flexneri is known to induce pyroptosis in macrophages. This is considered a key step in the 228 pathogenesis of Shigella as it allows bacteria to infect epithelial cells from the preferred 229 basolateral side and leads to bacterial dissemination. In addition, pyroptosis creates an 230 inflammatory response causing the recruitment of neutrophils, which disrupt the epithelial cell 231 barrier and allows more Shigella to traverse the epithelial layer (37). 232
Here we present evidence that S. sonnei does not use the same mechanisms during infection 233 as S. flexneri (summarised in figure 5 ). In line with previous reports, we found that S. flexneri 234 induces rapid pyroptosis upon internalisation of infected macrophages (20, 22) . However, S. 235 sonnei induced markedly less macrophage cell death, which was the result of a decreased 236 number of cytosolic bacteria through a combination of fewer internalised S. sonnei and 237 impaired vacuole escape. The requirement for cytosolic bacteria in the induction of 238 inflammasomes was consistent for both S. sonnei and S. flexneri. Additional host responses 239 8 are also likely to be affected by the reduced number of cytosolic bacteria for S. sonnei 240 compared to S. flexneri. 241
Once S. sonnei and S. flexneri cytosolic numbers were normalised, pyroptosis proceeded via 242 similar pathways and to similar levels. For both species, cell death was predominantly 243 dependent on GSDMD and caspase-1, indicating the canonical inflammasome pathway is 244 induced by Shigella. There may be a minor contribution to cell death for the non-canonical 245 pathway as immunoblots indicated that caspase-4 was activated by infection of both S. sonnei 246 and S. flexneri, and caspase-4 deficiency or NLRP3 inhibition led to less pyroptosis over time 247 than control cells. However, this difference was minor compared to that observed for ASC or 248 caspase-1-deficient cells. NLRC4 has a caspase-recruitment and activation domain (CARD) 249 which can enable its interaction with, and activation of caspase-1 directly, bypassing the need 250 for ASC (38) (39) (40) . This suggests that the NLRC4 inflammasome has a prominent role in the cell 251 death of S. sonnei-infected THP1 cells. These results are in line with those shown previously 252 for S. flexneri, which suggest both the NLRP3 and NLRC4 inflammasomes are involved in S. Unexpectedly, in our study the internalisation of S. sonnei into macrophages was independent 264 of its T3SS. This is in contrast to S. flexneri which exhibits significant T3SS-mediated invasion 265 into macrophages. This suggests that macrophage internalisation is a combination of bacteria-266 driven invasion and phagocytic uptake for S. flexneri, while S. sonnei internalisation is almost 267 exclusively due to phagocytic uptake. The S. sonnei O-Ag is incorporated into both the G4C 268 and the LPS of S. sonnei. Only when all the O-Ag layers of S. sonnei are removed is S. sonnei 269 able to efficiently invade macrophages. The accessibility of IpaB was previously shown to 270 increase upon removal of the G4C and a further increase was observed for an O-Ag-deficient 271 strain indeed suggesting the lipid A-core linked O-Ag also contributes to shielding of the T3SS 272 Ag and we cannot discount this as the reason for the failure to complement. Our data, and 278 previously published data regarding the accessibility of the T3SS, supports the conclusion that 279
the O-Ag acts as a physical barrier to T3SS-mediated invasion rather than being anti-280
phagocytic. 281
The results presented here, combined with previous investigations, indicate that S. sonnei and 282 S. flexneri use different infection mechanisms. These mechanisms are also different from 283 related Gram-negative enteric pathogens such as Salmonella or EPEC, which also activate 284 distinct inflammasome pathways in human macrophages (46) (47) (48) (49) . Increasing evidence points 285 to S. sonnei being more adapted to an extracellular lifestyle as, compared to S. flexneri, it 286 invades epithelial cells and macrophages poorly. This may partly explain the dominance of S. 287 sonnei in developed countries where improved living conditions, including reduced 288 overcrowding and hence person-person spread of pathogens, fails to lower S. sonnei infection 289
rates. These studies highlight that further investigation into S. sonnei is required in order to 290 implement appropriate measures to reduce infection rates. 291 292 293
Materials and Methods 294

Bacterial strains and growth 295
Unless otherwise stated, all Shigella strains (Table S1 ) were routinely grown in tryptone soya 296 broth (TSB) at 37°C with shaking at 200 RPM. Antibiotic selection was used when necessary 297 as follows: 100 µg/mL ampicillin (Amp), 50 µg/mL kanamycin (Kn), 12.5 µg/mL 298 chloramphenicol (Cm), 100 µg/mL erythromycin, 50 µg/mL streptomycin (Sm), 10 µg/mL 299 gentamicin (Gm). 300
Cloning and mutagenesis 301
S. sonnei LVP Stabile , S. sonnei ΔwaaL, S. sonnei ΔtssB and S. sonnei ΔO-Ag strains were 302 constructed as follows, primer sequences are in Table S2 . For S. sonnei LVP Stabile nt 82936-303 83715 and nt 83716-84215 were amplified using primers 1 and 2, and 3 and 4. The 304 chloramphenicol cassette was amplified from pKD3 using primers 21 and 22. Overlapping 305
PCR was used to construct the mutagenesis fragment consisting of 82936-83715-Cm-83716-306 84215, (note the P1-P2 fragment was inserted in the opposite orientation). This fragment was 307 further amplified by PCR with primers 1 and 4. 2 µg of PCR product was electroporated into 308 S. sonnei 53G + pKD46 induced with 1mM L-arabinose for 45 min to express lambda red 309 recombinase genes. The electroporation was plated on TSB supplemented with Cm. Genomic 310 insertion of cat was verified by PCR using primers 5 and 22 311
For S. sonnei ΔtssB 500bp fragments flanking tssB were amplified using primers 6 and 7, and 312 8 and 9. The kanamycin cassette was amplified from pKD4 using primers 21 and 22. 313
Overlapping PCR was used to construct the mutagenesis fragment consisting of 5' tssB-kan-314 3' tssB. This fragment was further amplified by PCR with primers 6 and 9. 2ug of PCR product 315 was electroporated into S. sonnei 53G + pKD46 induced with 1mM L-arabinose for 45 min to 316 express lambda red recombinase genes. The electroporation was plated on TSB 317 supplemented with Kn. Genomic insertion of kan was verified by PCR using primers 10 and 318
319
For S. sonnei ΔwaaL 500bp fragments flanking waaL were amplified using primers 11 and 12, 320
and 13 and 14. The kanamycin cassette was amplified from pKD4 using primers 21 and 22. 321
Overlapping PCR was used to construct the mutagenesis fragment consisting of 5' waaL-kan- 
Generation of cell lines 371
The THP1 GSDMD miR cell line was generated previously as described (50), THP1 Casp1 KO, 372 THP1 Casp4 KO, and THP1 ASC KO were all kindly provided by Veit Hornung (51). 373
Isolation of primary human monocyte derived macrophages 374
Leukocytes cones were obtained from the NHS blood and transfusion service (from 375 anonymous healthy donations), as previously described (46). Blood from each donor was 376 diluted 1:4 with PBS, transferred into a LeucoSep tube (Greiner Bio-One) and centrifuged at 377 1000 xg, 20 mins at RT (slow acceleration and deceleration to prevent disturbance of the 378 layers) to obtain the buffy coat containing white blood cells. This was separated and washed 379 three times with RPMI. Cell were washed with MACS buffer (50 mg/ml BSA, 2 mM EDTA in 380 PBS). CD14+ cells were isolated by MACS using biotinylated anti-CD14+ antibody and anti-381 biotin microbeads according to the manufacture's protocol (Miltenyi Biotec). Monocytes were 382 cultured in complete RPMI plus 20 ng/ml recombinant human M-CSF for 7 days to promote 383 differentiation into hMDMs. Media was replaced with complete RPMI lacking antibiotics and 384 M-CSF 24 hours prior to infection. 385
Internalisation and vacuole-escape assays 386
To prevent cell death, cells were treated with Z-VAD-fmk (50 μM) 1 hour prior to infection. 387
Cells were infected with bacteria as described above. For internalisation assays, cells were 388 washed with serum-free RPMI and lysed with TritonX-100 (0.5%) at 1.5 hours post infection. 389
For vacuole-escape assays, cells were treated 30 min post-infection with either 200 μg/ml 390 chloroquine and 150 μg/ml gentamicin or 150 μg/ml gentamicin alone for 1 h and then lysed 391
with TritonX-100 (0.5%). Serial dilutions were performed, plated on LB agar and incubated 392 overnight at 37°C. 393 PI uptake assays 394 13 Cells and bacterial strains were prepared as described above. Prior to infection, cells were 395 supplemented with 5 μg/ml Propidium iodide (PI; Invitrogen). For timecourse assays, 396 fluorescence was measured at 630 nm every 10 mins with POLARStar 623 Omega plate 397 reader (BMG Labtech) (52). Uninfected controls treated with TritonX-100 (0.05%) were used 398 to calculate percentage uptake. 399
LDH assays 400
Infections were performed as described above. At 3 hours post infection, supernatants were 401
harvested. An LDH assay was performed as per kit instructions (CytoTox 96® Non-402
Radioactive Cytotoxicity Assay, Promega). Absorbance was measure at 490 nm and values 403 are expressed as percentage of 100% lysis control. All values are normalised to uninfected 404 control. 405
Immunoblots 406
Infections were performed as described previously, except prior to infection cells were washed 407 with PBS and infections were done in OptiMEM + 5 mM Na pyruvate. Supernatants were 408 precipitated in acetone (1:4 v/v) overnight at -20°C, acetone was aspirated, and samples left 409 to air dry. Cells were lysed in RIPA buffer (120 mM Tris pH 8.0, 300 mM NaCl, 2% NP-40, 1% 410 Na deoxycholate, 2 mM EDTA) supplemented with complete protease inhibitor and 1 mM 411 PMSF. Laemmli buffer and 5% 2-mercaptoethanol were added to lysates. Precipitated 412 supernatants were re-suspended in respective cell lysates to create pooled samples. Mouse 413 anti-hcaspase-1 (AdipoGen), mouse anti-caspase-4 (Santa Cruz biotechnology), goat anti-414 hIL1β (R and D systems), rabbit anti-hIL18 (MBL international) were used at 1:1000 dilution 415 and mouse anti-hGSDMD (Santa Cruz Biotechnology) was used at 1:500. 416
Immunofluorescence microscopy 417
Cells were seeded and infected as described previously. For calculation of percentage of 418 THP1 cells infected, in/out staining was performed as follows. 40 minutes post addition of 419 bacteria, T=0, cells were washed three times with cold PBS. Rabbit anti-sonnei (1:100) (phase 420 1 and 2 sera, Fisher Scientific) or rabbit anti-flexneri (1:500) (serotype 5a sera, PHE) diluted 421 in 2% Bovine serum albumin (BSA):PBS were added to cells. Cells were incubated with 422 antibodies on ice for 30 minutes. Following this, cells were washed with cold PBS, and 423 incubated on ice with donkey anti-rabbit-Alexa594. (1:500, 2% BSA:PBS). Cells were fixed 424 with 2% paraformaldehyde (PFA) diluted in PBS for 20 minutes, washed in PBS, and 425 neutralised with 50 mM NH₄Cl. 0.1% Triton-X 100 was added to cells for 8 minutes to 426 permabilise. DAPI (1:1000, 2% BSA:PBS) (Invitrogen) and phalloidin-Alexa647 (1:100) 427 (Invitrogen) were incubated with cells. Coverslips were mounted onto slides with ProLong® 428 Gold Antifade Mountant and visualised using Zeiss Axio Observer Z1 microscope. For 429 counting of ASC foci, ASC mRFP cells (46) were infected as described, washed in PBS at 3 hours 430 post infection and fixed. The protocol was then continued as described above. 431
LPS preparation and visualisation 432
Crude LPS was prepared as follows. 1.5 ml of overnight culture was centrifuged, resuspended 433 in laemmli buffer and boiled for 5 min. Proteinase K (1 mg/ml) was added and incubated for 2 434 h at 56°C. 2-mercaptoethanol (5%) was added and samples were boiled for 5 min and 5 ul of 435 each sample separated by 12% SDS-PAGE. The gel was either transferred to PVDF and 436 incubated with S. flexneri serotype 5a antibody (PHE) or S. sonnei phase I antibody (Abcam), 437 followed by anti-rabbit HRP and developed by chemiluminescence, or fixed and silver stained 438 as previously described (53). 439
Statistical Analysis 440
The number of independent repeats performed for each experiment is indicated (by n) in the 441 
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